Experimental Study on Micro Hole Drilling Using Ultrashort Pulse Laser Radiation  by Gruner, Andreas et al.
 Physics Procedia  83 ( 2016 )  157 – 166 
Available online at www.sciencedirect.com
1875-3892 © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
doi: 10.1016/j.phpro.2016.08.030 
ScienceDirect
WK,QWHUQDWLRQDO&RQIHUHQFHRQ3KRWRQLF7HFKQRORJLHV/$1(
([SHULPHQWDOVWXG\RQPLFURKROHGULOOLQJXVLQJXOWUDVKRUWSXOVH
ODVHUUDGLDWLRQ
$QGUHDV*UXQHUD-RHUJ6FKLOOHD8GR/RHVFKQHUD
aLaserinstitut Hochschule Mittweida, Technikumplatz 17, 09648 Mittweida, Germany 
$EVWUDFW
7KLVSDSHUGLVFXVVHVODWHVWUHVXOWVREWDLQHGLQPLFURKROHSHUFXVVLRQGULOOLQJLQVWDLQOHVVVWHHO,QWKHLQYHVWLJDWLRQVDIHPWRVHFRQG
ODVHU VRXUFH ZDV XVHG HPLWWLQJ  IV SXOVHV DW  P ZDYHOHQJWK ZKHUHDV WKH VSRW VL]H DPRXQWHG WR  P 7KHUHE\
LPSRUWDQWSURFHVVSDUDPHWHUVOLNHSXOVHHQHUJ\SXOVHUHSHWLWLRQIUHTXHQF\DQGSXOVHQXPEHUZHUHYDULHGRYHUDZLGHUDQJHLQ
RUGHUWRHYDOXDWHWKHLULQIOXHQFHERWKRQWKHPLFURKROHJHRPHWU\OLNHKROHGLDPHWHUURXQGQHVVWDSHUDQJOHDQGRQWKHGULOOLQJ
TXDOLW\VXFKDVWKHUPDOPRGLILFDWLRQDQGPHOWLQJUHVLGXHV
)LUVWWKHUHTXLUHGQXPEHURISXOVHVIRUWKURXJKKROHGULOOLQJZDVHVWLPDWHGIRUPDWHULDOWKLFNQHVVHVUDQJLQJEHWZHHQPDQG
PP,WZDVIRXQGWKDWWKHSRODUL]DWLRQVWDWHRIWKHODVHUEHDPKDVDFRQVLGHUDEOHLPSDFWRQPLFURKROHIRUPDWLRQ7KHUHIRUH
OLQHDUDQGFLUFXODUSRODUL]HGODVHUUDGLDWLRQZDVDSSOLHG)LQDOO\RSWLPXPSDUDPHWHUVIRUKLJKHVWDYDLODEOHGULOOLQJTXDOLW\DQG
VSHHGZHUHLGHQWLILHG
&RS\ULJKWOLQHZLOODSSHDUKHUH
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH%D\HULVFKHV/DVHU]HQWUXP*PE+
Keywords:XOWUDVKRUWSXOVHODVHUPLFURKROHGULOOLQJSRODUL]DWLRQVWDLQOHVVVWHHO
,QWURGXFWLRQ
/DVHU SHUFXVVLRQ GULOOLQJ KDV DWWUDFWHG LQFUHDVLQJ DWWHQWLRQ EHFDXVH LWV ZLGH UDQJH RI SRWHQWLDO LQGXVWULDO
DSSOLFDWLRQV LQFOXGLQJ IXHO LQMHFWLRQ QR]]OHV DQG IXHO ILOWHUV LQ DXWRPRWLYH LQGXVWU\ LQ DLUFUDIW DQG VSDFH
DSSOLFDWLRQV RU PLFURIOXLGLF DQG ELRPHGLFDO GHYLFHV HWF 7KHUHIRUH LQ SDUWLFXODU XOWUDVKRUW SXOVH ODVHUV DUH
UHFRJQL]HG DV H[FHOOHQW DQG XQLYHUVDO WRRO WR GULOO KLJKDVSHFW UDWLR PLFUR KROHV RI KLJK TXDOLW\ DV UHSRUWHG E\
.DPPODJH HW DO  )|KO HW DO  DQG:HFN HW DO  7KLV FDQ EH DFKLHYHG WKDQNV WR WKH XQLTXH


&RUUHVSRQGLQJDXWKRU7HOID[
E-mail address:JUXQHU#KVPLWWZHLGDGH
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
158   Andreas Gruner et al. /  Physics Procedia  83 ( 2016 )  157 – 166 
SURSHUWLHVRIXOWUDVKRUWODVHUEHDPVVXFKDVORZDQGZHOOGHILQHGDEODWLRQWKUHVKROGVQHJOLJLEOHKHDWDIIHFWHG]RQHV
GXHWRPLQLPXPWKHUPDOORDGWRWKHVXEVWUDWHDQGDYRLGLQJSODVPDVKLHOGLQJHIIHFWVWKDWLVDGYDQWDJHRXVIRUKLJK
HIILFLHQWDQGSUHFLVLRQPDWHULDOSURFHVVLQJ,QRUGHU WR LQFUHDVHSURGXFWLYLW\DQG WKURXJKSXWDVDQRWKHU LQGXVWULDO
GHPDQGV EHVLGH TXDOLW\ DQG SUHFLVLRQ KLJKDYHUDJH SRZHU XOWUDVKRUW SXOVH ODVHUV RI PHJDKHUW] SXOVH UHSHWLWLRQ
IUHTXHQFLHVZHUHDSSOLHGIRUKLJKVSHHGSHUFXVVLRQODVHUGULOOLQJ,QDIHZLQLWLDOVWXGLHVSODVPDSDUWLFOHVKLHOGLQJ
HIIHFWVDQGKHDWDFFXPXODWLRQKDYHEHHQLGHQWLILHGDVVLJQLILFDQWSURFHVVLQIOXHQFLQJSKHQRPHQDVHH$QFRQDHWDO
'L1LVRHWDODQG)LQJHUHWDO3ODVPDDQGSDUWLFOHVKLHOGLQJHIIHFWVKDYHEHHQUHSRUWHG
IRUSXOVH UHSHWLWLRQ IUHTXHQFLHV LQ WKH UDQJHRI VHYHUDO KXQGUHGNLORKHUW] DQG DERYH'HSHQGLQJRQ IOXHQFH SXOVH
UHSHWLWLRQIUHTXHQF\DQGPDWHULDOLQWKLVWLPHUHJLPHWKHSODVPDSDUWLFOHVDQGFOXVWHUVWKDWDUHSURGXFHGE\RQHODVHU
SXOVH UHIOHFW VFDWWHU DQG DEVRUE WKH IROORZLQJ ODVHU SXOVHV WKDW LQ WXUQ GHFUHDVHV WKH DEODWLRQ HIILFLHQF\ DQG
LQFUHDVHV WKH GULOOLQJ WLPH $V DQRWKHU HIIHFW KHDW DFFXPXODWLRQ ZDV REVHUYHG IRU PHJDKHUW] SXOVH UHSHWLWLRQ
IUHTXHQFLHV SRWHQWLDOO\ HQKDQFLQJ WKH DEODWLRQ HIILFLHQF\ EXW DV D GLVDGYDQWDJH HQODUJHG KHDW DIIHFWHG ]RQHV DQG
PDWHULDOPHOWLQJUHGXFHVWKHTXDOLW\RIWKHSURFHVVLQJ7KLVLVWKHUHVXOWRIKLJKWKHUPDOORDGWRWKHVXEVWUDWHVEHFDXVH
DWKLJKSXOVH UHSHWLWLRQ IUHTXHQFLHV WKH WLPH LQWHUYDOEHWZHHQVXFFHVVLYHSXOVHV LV WRRVKRUW IRUFRPSOHWHFRROLQJ
DQGVXUIDFHWHPSHUDWXUHLQFUHDVHVVWHDGLO\ZLWKLQFUHDVLQJSXOVHVQXPEHUDVVKRZQE\6FKLOOH:HEHUHWDO
DQG%DXHUHWDO
,Q WKLV SDSHU PLFUR KROH SHUFXVVLRQ GULOOLQJ RQ VWDLQOHVV VWHHO LV VWXGLHG XVLQJ D KLJK UHSHWLWLRQ IUHTXHQF\
IHPWRVHFRQGODVHUZLWKWKHPDLQJRDOWRSURYLGHQHZLQVLJKWVRQKLJKVSHHGGHHSPHWDOODVHUGULOOLQJ7KHUHIRUHWKH
QXPEHU RI SXOVHV QHHGHG WR GULOO WKURXJK PHWDO VKHHWV ZLWK WKLFNQHVV UDQJLQJ EHWZHHQ  P DQG PP DUH
GHWHUPLQHG DV IXQFWLRQRI IOXHQFH DQGSXOVH UHSHWLWLRQ IUHTXHQF\2QFHGULOOHG WKURXJK WKHQXPEHU RI LUUDGLDWHG
SXOVHVZDV LQFUHDVHG LQ RUGHU WR DGMXVW HQWUDQFH DQG H[LW GLDPHWHU DVZHOO DV WDSHU DQJOH RI WKH GULOOLQJ KROH ,Q
DGGLWLRQWKHLQIOXHQFHRIWKHSURFHVVLQJSDUDPHWHUVRQWKHGULOOLQJTXDOLW\LVHYDOXDWHG7KHUHIRUHFURVVVHFWLRQVRI
WKHGULOOHGKROHV DUHDQDO\]HGE\6(0PLFURJUDSKVZLWK UHJDUG WREXUU IRUPDWLRQ URXQGQHVVDQGZDOOJHRPHWU\
)LQDOO\ EDVHGRQ WKH UHVXOWV REWDLQHG RSWLPL]HG SURFHVVLQJSDUDPHWHUV DUH SURYLGHG LQ SDUWLFXODU DSSOLFDEOH IRU
PLFURKROHKLJKVSHHGODVHUGULOOLQJ

1RPHQFODWXUH
43 SXOVHHQHUJ\
I SXOVHUHSHWLWLRQIUHTXHQF\
3DY DYHUDJHSRZHU
+PD[ SHDNIOXHQFH
Z EHDPUDGLXVDWWKHIRFDOSRVLWLRQ
1 SXOVHQXPEHU
W PDWHULDOWKLFNQHVV
([SHULPHQWDOVHWXS
,QWKLVVWXG\DIHPWRVHFRQGODVHUÄ3KDURV³IURP/LJKWFRQYHUVLRQ/WGZDVXVHG7KHODVHUVRXUFHHPLWVOLQHDU
SRODUL]HG*DXVVLDQODVHUEHDPRIQPIXQGDPHQWDOZDYHOHQJWKIVSXOVHZLGWKDQG0+]PD[LPXPSXOVH
UHSHWLWLRQIUHTXHQF\7KHODVHUVXSSOLHGDQDYHUDJHSRZHURI:RQWRWKHZRUNSLHFHVXUIDFH
)RU ODWHUDO EHDP GHIOHFWLRQ DFURVV WKH VDPSOH VXUIDFH D G JDOYDQRPHWHU VFDQ V\VWHP LQWHOOL6&$1GH
6FDQODE$*ZDVXWLOL]HG7KHODVHUEHDPZDVIRFXVVHGRQWRWKHPDWHULDOVXUIDFHE\XVLQJDQIWKHWDREMHFWLYHZLWK
DIRFDOOHQJWKRIPPUHVXOWLQJLQDIRFXVVSRWVL]HRIP
)XUWKHUWKHPD[LPXPDYDLODEOHVLQJOHSXOVHHQHUJ\ZDV-GHFUHDVHGZLWKULVLQJUHSHWLWLRQIUHTXHQF\DVD
FRQVHTXHQFHRIOLPLWHGDYHUDJHODVHUSRZHUJLYHQE\WKHHTXDWLRQEHORZ
ܳ௉ ൌ
௔ܲ௩
݂
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
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7ZRGLIIHUHQWSURFHVVLQJUHJLPHVZHUHLQYHVWLJDWHGLQWKLVZRUNE\YDU\LQJWKHHQHUJ\RUUDWKHUWKHIOXHQFHRI
WKH LUUDGLDWHG ODVHU SXOVHV WKH ORZIOXHQFH UHJLPH UDQJLQJ EHWZHHQ  -FPð  +PD[  -FPð DQG WKH KLJK
IOXHQFHUHJLPHEHWZHHQ-FPð+PD[-FPð7KHPD[LPXPIOXHQFH+PD[RID*DXVVLDQODVHUEHDPZDV
FDOFXODWHGZLWKWKHIROORZLQJHTXDWLRQ

ܪ௠௔௫ ൌ
ʹ ή ܳ௉
ߨ ή ݓ଴ଶ
 

'XHWRDFRQVWDQWVSRWUDGLXV WKHPD[LPXPIOXHQFHUHSUHVHQWV WKHSXOVHHQHUJ\LQSXW LQWRWKHVDPSOHPDWHULDO
7KXVLQWKHORZIOXHQFHUHJLPHOHVVSXOVHHQHUJ\ZLOOEHDSSOLHGZLWKLQDODVHUSXOVHZKLOHWKHUHSHWLWLRQIUHTXHQF\
FDQEHLQFUHDVHGWRLWVPD[LPXPRI0+])RUWKHKLJKIOXHQFHUHJLPHKLJKHUSXOVHHQHUJ\YDOXHVFDQEHSURYLGHG
XS WR D PD[LPXP UHSHWLWLRQ IUHTXHQF\ RI  N+] 7DEOH  VXPPDUL]HV IOXHQFH UHJLPHV DQG FRUUHVSRQGLQJ
UHSHWLWLRQIUHTXHQFLHVDSSOLHGLQWKHH[SHULPHQWV

7DEOH)OXHQFHVIOXHQFHUHJLPHVDQGFRUUHVSRQGLJUHSHWLWLRQIUHTXHQFLHV
 /RZIOXHQFHUHJLPH +LJKIOXHQFHUHJLPH
)OXHQFHV>-FPð@  
3XOVHUHSHWLWLRQIUHTXHQF\>N+]@  

,QWKLVVWXG\PLFURKROHGULOOLQJLQVWDLQOHVVVWHHO$,6,ZDVLQYHVWLJDWHGZKHUHDVWKHPDWHULDOWKLFNQHVVZDV
YDULHGEHWZHHQPDQGPP$OOLQYHVWLJDWLRQVZHUHFRQGXFWHGZLWKWKHSUHPLVHWRGULOOWKURXJKWKHPDWHULDO
7RLGHQWLI\KROHGLDPHWHUVSXOVHQXPEHUVIRUWKURXJKERUHVDQGWKHSURFHVVLQJTXDOLW\GHWDLOHGLQYHVWLJDWLRQVZHUH
FDUULHGRXWE\YDU\LQJWKHSRODUL]DWLRQVWDWHWKHDSSOLHGODVHUIOXHQFHDQGWKHSXOVHUHSHWLWLRQIUHTXHQF\
7KH PLFUR KROHV ZHUH HYDOXDWHG E\ GHWHUPLQLQJ KROH HQWUDQFH GLDPHWHUV DQG H[LW GLDPHWHUV YLD RSWLFDO
PLFURVFRS\$GGLWLRQDOO\FURVVVHFWLRQSROLVKHVJLYHLQIRUPDWLRQRQPLFURKROHIRUPDWLRQZLWKLQWKHPDWHULDO7KH
TXDOLW\RIWKHPLFURKROHVDWWKHHQWUDQFHDQGWKHH[LWZDVFKDUDFWHUL]HGE\VFDQQLQJHOHFWURQPLFURVFRS\6(0
5HVXOWVDQGGLVFXVVLRQ
3.1. Influence of the polarization state 
7KHGULOOLQJH[SHULPHQWVZHUHFDUULHGRXWDSSO\LQJ OLQHDUSRODUL]DWLRQHPLWWHGE\ WKH ODVHU VRXUFHDQGFLUFXODU
SRODUL]DWLRQ JHQHUDWHG E\ DQ DGGLWLRQDO ʄZDYHSODWH ZLWKLQ WKH ODVHU EHDP SDWK 7KHUH ZDV DQ LQVLJQLILFDQW
LQIOXHQFHRIWKHSRODUL]DWLRQVWDWHRQWRWKHKROHJHRPHWU\DQGWKHQXPEHURISXOVHVIRUGULOOLQJWKURXJKZKHQVKHHW
WKLFNQHVVZHQWEH\RQGP+RZHYHUE\DSSO\LQJOLQHDUSRODUL]HGUDGLDWLRQDFOHDUGURSLQKROHTXDOLW\DWWKH
H[LW VLGH ZDV REVHUYHG ZLWK LQFUHDVLQJ PDWHULDO WKLFNQHVV DERYH  P LQ FRPSDULVRQ WR GULOOLQJ UHVXOWV ZLWK
FLUFXODUSRODUL]HGUDGLDWLRQZKLFKLVGHPRQVWUDWHGLQ)LJ
&RQWUDU\ WR WKHDVVXPSWLRQ WKDWSURFHVVLQJZLWK OLQHDUSRODUL]HG UDGLDWLRQ OHDG WRFRQWUROODEOHREORQJKROHVRU
HOOLSWLFDOVKDSHGKROHH[LWVLUUHJXODUQRQSUHGLFWDEOHPXOWLSOHRUVOLWVKDSHGKROHH[LWIRUPDWLRQVRFFXU7KLVPD\EH
DFRQVHTXHQFHRIWKHUDQGRPO\VL]HGDQGGLVWULEXWHGJUDLQERXQGDULHVDQGWKHUHIRUHYDU\LQJDEVRUSWLRQFRQGLWLRQV
ZLWKLQWKHPDWHULDO$GGLWLRQDOO\VXSHULPSRVHGVWURQJHUDEVRUSWLRQRIUDGLDWLRQZLWKLQWKHSRODUL]DWLRQSODQHDIIHFWV
PLFURKROHIRUPDWLRQWRR,QFRQFOXVLRQFLUFXODUSRODUL]HGUDGLDWLRQZLOOEHXVHGLQIXUWKHULQYHVWLJDWLRQV

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
)LJ,QIOXHQFHRIWKHSRODUL]DWLRQVWDWHRQWKHPLFURKROHH[LWIRUPDWLRQIRUDPDWHULDOWKLFNQHVVRIPP
3.2. Micro hole formation as a function of material thickness 

)LJ1XPEHURISXOVHVWRGULOOWKURXJKDQGKROHHQWUDQFHGLDPHWHUVDVDIXQFWLRQRIWKHPDWHULDOWKLFNQHVVIRUGLIIHUHQWIOXHQFHVDKLJKIOXHQFH
UHJLPHDWDUHSHWLWLRQIUHTXHQF\RIN+]EORZIOXHQFHUHJLPHDWUHSHWLWLRQIUHTXHQF\RI0+]
,QLWLDOO\ WKH LQIOXHQFHRI WKHPDWHULDO WKLFNQHVVRQPLFURKROH IRUPDWLRQZDV LQYHVWLJDWHG LQGHWDLO7KHXSSHU
GLDJUDPV LQ )LJ  GHSLFW WKH DYHUDJH QXPEHU RI SXOVHV IRU WKURXJK KROH JHQHUDWLRQ DV D IXQFWLRQ RI PDWHULDO
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WKLFNQHVVIRUWKHKLJKIOXHQFHUHJLPHDWDUHSHWLWLRQIUHTXHQF\RIN+]RQWKHOHIWDQGIRUWKHORZIOXHQFHUHJLPH
DWDUHSHWLWLRQIUHTXHQF\RI0+]RQWKHULJKW&RQVLGHULQJWKHORJDULWKPLFVFDOHWKHUHFDQEHVHHQDQH[SRQHQWLDO
ULVHRIWKHQXPEHURISXOVHVIRUWKURXJKKROHJHQHUDWLRQZLWKJURZLQJPDWHULDOWKLFNQHVVLQERWKUHJLPHV*HQHUDOO\
WKHQXPEHURISXOVHVFDQEHUHGXFHGIRUDJLYHQWKLFNQHVVZKHQKLJKHUODVHUIOXHQFHVZLOOEHDSSOLHG$QDO\]LQJWKH
WRWDO GULOOLQJ WLPH LQ ERWK UHJLPHV GHILQHG DV WKH UDWLR RI WKH QXPEHU RI SXOVHV DQG WKH UHSHWLWLRQ IUHTXHQF\ WKH
GXUDWLRQLVLQWKHVDPHRUGHURIPDJQLWXGHXSWRDPDWHULDOWKLFNQHVVRIPP&RQVLGHUDEO\PRUHSXOVHVKDYLQJD
IOXHQFHRI-FPðDUHQHHGHGIRUGULOOLQJWKURXJKDVKHHWWKLFNQHVVRIPPZKLFKUHSUHVHQWVWKHOLPLWRIWKHORZ
IOXHQFHUHJLPH7KLVLVGXHWRWKHIDFWWKDWWKHSRVLWLRQRIWKHIRFDOSODQHZDVNHSWFRQVWDQWDWWKHPDWHULDOVXUIDFH
GXULQJGULOOLQJOHDGLQJWRDJUDGXDOGURSRIWKHIOXHQFHZKHQGULOOLQJGHSWKLQFUHDVHV$VDUHVXOWPDWHULDOUHPRYDO
LV OHVV HIILFLHQW DQG VWDJQDWHV DW D FHUWDLQ GULOOLQJ GHSWK )XUWKHUPRUH WKLV HIIHFWZLOO EH FRQILUPHG IRU IOXHQFHV
EHORZ-FPðZKLFKUHVXOWVLQDPD[LPXPWKLFNQHVVRIPPWREHGULOOHGWKURXJK
$PRUHGHWDLOHGHVWLPDWLRQRIWKHQXPEHURISXOVHVDQGWKXVWKHGULOOLQJWLPHZLOOEHGRQHZLWKWKHKHOSRIDQ
RSWLFDOVHQVRULQIXUWKHULQYHVWLJDWLRQV
7KHKROHHQWUDQFHGLDPHWHULVLQIOXHQFHGE\WKHDSSOLHGODVHUIOXHQFHDQGPDWHULDOWKLFNQHVVDVFDQEHVHHQLQWKH
ORZHU GLDJUDPV LQ )LJ  *HQHUDOO\ WKH KROH HQWUDQFH GLDPHWHU LV D IXQFWLRQ RI WKH PDWHULDO WKLFNQHVV :LWK
LQFUHDVLQJPDWHULDO WKLFNQHVV DJURZLQJGLDPHWHUZDVPHDVXUHG IRU DJLYHQ ODVHU IOXHQFH([FHSWLQJ WKH VPDOOHVW
PDWHULDOWKLFNQHVVRIPWKHKROHHQWUDQFHGLDPHWHUFRUUHVSRQGVWRWKHODVHUEHDPVSRWGLDPHWHURIPLQWKH
KLJKIOXHQFHUHJLPHIRUIOXHQFHVXSWR-FPðDQGDPDWHULDOWKLFNQHVVRIPP$VOLJKWO\LQFUHDVHGHQWUDQFH
GLDPHWHUZDVPHDVXUHGIRUWKHKLJKHVWDSSOLHGIOXHQFHRI-FPð)RUWKLFNHUVKHHWVDWHQGHQFLDOO\OLQHDUJURZWK
RIWKHHQWUDQFHGLDPHWHUZDVGHWHUPLQHG,QWKHORZIOXHQFHUHJLPHKROHHQWUDQFHGLDPHWHUVVPDOOHUWKDQWKHVSRW
VL]H RI WKH ODVHU EHDP FDQ EH JHQHUDWHG LQ WKLQ VKHHWV ZLWK D WKLFNQHVV XS WR  PPZKHQ D ODVHU IOXHQFH RI
-FPðZDVXVHG%\DSSO\LQJODVHUIOXHQFHVXSWR-FPðWKHHQWUDQFHGLDPHWHULVDURXQGWKHVSRWVL]HRIP
ZKLOHWKHPDWHULDOWKLFNQHVVGRHVQ¶WH[FHHGPP
7KHKROHTXDOLW\DW WKHHQWUDQFHDQGWKHH[LWZDVHYDOXDWHGE\6(0PLFURVFRS\7KHLQIOXHQFHRI WKHPDWHULDO
WKLFNQHVV RQWR WKH KROH IRUPDWLRQ JHQHUDWHGZLWK WKHPD[LPXP DYDLODEOH IOXHQFH RI  -FPð DQG D UHSHWLWLRQ
IUHTXHQF\RIN+]LVH[HPSODULO\GHPRQVWUDWHGLQ)LJIRUPPDQGPPWKLFNVKHHWV7KHKROHHQWUDQFH
LQ WKH OHIW SLFWXUH LV DFFRPSDQLHG E\ D FLUFXODU FUDWHU DURXQG WKH KROHZKLFK LV FRYHUHGZLWK ULSSOHV DOWKRXJK D
FLUFXODUSRODUL]HGEHDPZDVXWLOL]HG0D\EHWKHUHKDVEHHQHPHUJHGDULQJVKDSHGPHOWIRUPDWLRQRULJLQDWLQJIURP
GHHSHU UHJLRQV RI WKH KROH GXULQJ WKH GULOOLQJ SURFHVV OHDGLQJ WR FKDQJHG DEVRUSWLRQ FRQGLWLRQV DURXQG WKH KROH
HQWUDQFH7KHKROHH[LWVKRZQLQ)LJDLQWKHULJKWLPDJHLVFKDUDFWHUL]HGE\DVKDUSERXQGDU\ZLWKRXWQRWLFHDEOH
PHOW RU GHEULV%\GULOOLQJ D VKHHW WKLFNQHVV RIPP DV FDQEH VHHQ LQ WKH OHIW VLGH LPDJHRI)LJ E WKHPHOW
IRUPDWLRQ DW WKH HQWUDQFHZDV SDUWLDOO\ DEODWHG VXSSRVDEO\ DV D UHVXOW RI WKH ODUJHQXPEHU RI SXOVHV OHDGLQJ WR D
ODUJHUFOHDUDSHUWXUHRIWKHKROHHQWUDQFH7KHH[LWVLGHLQWKHULJKWLPDJHLVVXUURXQGHGE\HMHFWHGPHOW


)LJ  6(0 LPDJHV RI WKH KROH HQWUDQFHV DQG H[LWV JHQHUDWHGZLWK D IOXHQFH+PD[    -FPð DQG D UHSHWLWLRQ IUHTXHQF\ I    N+] IRU
GLIIHUHQWPDWHULDOWKLFNQHVVHVDW PP1 EW PP1 
3.3. Impact of laser fluence, pulse repetition frequency and number of pulses 
)RUPRUHGHWDLOHG LQIRUPDWLRQRQ WKHGULOOLQJSURFHVVSDUDPHWHUVZHUHYDULHG LQDZLGH UDQJH7KHQXPEHURI
SXOVHVDVZHOODVWKHGLDPHWHUVRIWKHKROHHQWUDQFHDQGWKHKROHH[LWZHUHGHWHUPLQHGE\DSSO\LQJFLUFXODUSRODUL]HG
ODVHUUDGLDWLRQZLWKIOXHQFHVEHWZHHQ-FPðDQG-FPðDWDIL[HGUHSHWLWLRQIUHTXHQF\RIN+]DQGDVKHHW
WKLFNQHVVRIPPVHH)LJ$WHQGHQFLDOO\VOLJKWLQFUHDVHRIWKHHQWUDQFHKROHGLDPHWHUZLWKULVLQJQXPEHURI
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ODVHU SXOVHV FDQ EH PHDVXUHG IRU WKH LQYHVWLJDWHG IOXHQFHV LQ WKH KLJK IOXHQFH UHJLPH UHIHU WR )LJ D 7KXV
FRQWLQXRXVPDWHULDODEODWLRQWDNHVSODFHDWWKHVROLGVXUIDFHWKDWZLGHQVWKHKROHDIWHUGULOOLQJWKURXJK7KHGLDPHWHU
RI WKHH[LWKROH LVJUDGXDOO\JURZLQJZLWK WKHDSSOLHGQXPEHURISXOVHVZKHUHE\ WKHDYHUDJH WDSHUDQJOHZLOOEH
UHGXFHGJLYHQE\WKHHQWUDQFHGLDPHWHUWKHH[LWGLDPHWHUDQGWKHPDWHULDOWKLFNQHVV%\GRLQJVRDQDYHUDJHWDSHU
DQJOHRIIRUSXOVHVDQGIRUSXOVHVFDQEHFDOFXODWHGIRUWKHLQYHVWLJDWLRQVSHUIRUPHGZLWKDIOXHQFH
RI-FPð&RQVHTXHQWO\FRQWLQXLQJPDWHULDOUHPRYDOIURPWKHERUHKROHZDOOZLWKHDFKDGGLWLRQDOODVHUSXOVH
ZLOOUHVXOWLQDQLQFUHDVLQJFOHDUDSHUWXUHRIWKHKROHUHSUHVHQWHGE\DORZHUDYHUDJHWDSHUDQJOH+ROHGLDPHWHUVDW
WKHHQWUDQFHDVZHOODVDW WKHH[LWEHFRPH ODUJHUZKHQKLJKHU ODVHU IOXHQFHZDVDSSOLHG$W WKH ORZHVW IOXHQFHRI
-FPð WKH HQWUDQFHGLDPHWHU DQG WKH H[LW DPRXQWV WRPDQGP UHVSHFWLYHO\ZKHQ ODVHUSXOVHV
ZHUHDSSOLHG,IWKHKLJKHVWDYDLODEOHODVHUIOXHQFHRI-FPðZDVXVHGWKHGLDPHWHULVLQFUHDVHGWRPDWWKH
HQWUDQFHDQGPDW WKHH[LWGXH WR WKHIDFW WKDWRXWHU IOXHQFHSDUWVRI WKH*DXVVLDQGLVWULEXWHG ODVHUEHDPDUH
KLJKHQRXJKWRLQGXFHPDWHULDOUHPRYDO
,Q FRQWUDVW WR WKH UHVXOWV REWDLQHG ZLWK KLJKIOXHQFH SXOVHV GLVFXVVHG DERYH LQ WKH ORZIOXHQFH UHJLPH WKH
GLDPHWHUV DW WKH HQWUDQFH DQG DW WKH H[LW RI WKH GULOOHG KROHV DUH FRQVWDQW LQGHSHQGHQWO\ IURP WKH QXPEHU RI
LPSLQJLQJ ODVHU SXOVHV DV FDQ EH VHHQ LQ )LJ E 7KH KROH HQWUDQFH GLDPHWHUZDVPHDVXUHG RI DERXW  PQR
PDWWHUZKHWKHUWKHIOXHQFHZDV-FPð-FPðRU-FPð7KLVLVYHU\VLPLODUWRWKHIRFXVEHDPGLDPHWHUDQG
PLJKWEHGXH WR WKH IDFW WKDW WKHIOXHQFHDW WKHRXWHUDUHDRI WKH*DXVVLDQGLVWULEXWHG ODVHUEHDPZDV WRR ORZIRU
H[SDQGHGPDWHULDOUHPRYDO,WLVIXUWKHUSRLQWHGRXWLQ)LJEWKDWWKHKROHH[LWGLDPHWHULVLQIOXHQFHGE\WKHIOXHQFH
UDQJLQJEHWZHHQPDQGPIRU-FPðDQG-FPðUHVSHFWLYHO\WKDWLVVPDOOHUWKDQWKRVHDFKLHYHGZLWK
WKHKLJKIOXHQFHSXOVHV


)LJ(QWUDQFHWULDQJOHDQGH[LWKROHGLDPHWHUFLUFOHDVDIXQFWLRQRIWKH1XPEHURISXOVHVWRGULOO WKURXJKIRUGLIIHUHQWIOXHQFHVDSXOVH
UHSHWLWLRQIUHTXHQF\RIN+]DQGDPDWHULDOWKLFNQHVVRIPPD+LJKIOXHQFHUHJLPHE/RZIOXHQFHUHJLPH
,QDGGLWLRQWKHGULOOLQJUHVXOWVREWDLQHGLQWKLVVWXG\UHYHDODVLJQLILFDQWHIIHFWRIWKHSXOVHUHSHWLWLRQIUHTXHQF\
RQWKHGULOOKROHJHRPHWU\DVFDQEHREVHUYHGLQ)LJIRUGLIIHUHQWSXOVHQXPEHUVDQGPPVKHHWWKLFNQHVV)RU
ERWK IOXHQFHUHJLPHV DSSOLHG D ODUJHU KROH HQWUDQFH GLDPHWHU ZDV PHDVXUHG IRU SXOVHV RI KLJKHU UHSHWLWLRQ
IUHTXHQF\HLWKHUVXFKDVPDWN+]YHUVXVPDWN+]IRUSXOVHVRI-FPðIOXHQFH LQ)LJDRU
P DW  N+] YHUVXV  P DW 0+] IRU SXOVH RI  -FPð LQ )LJ E UHVSHFWLYHO\$ VLPLODU WUHQG FDQ EH
UHFRJQL]HG ZKHQ ORRNLQJ WR WKH KROH H[LW GLDPHWHUV LQ )LJ  ,Q WKH KLJKIOXHQFH UHJLPH WKH H[LW GLDPHWHUV
LQFUHDVHGVWHDGLO\ZLWK LQFUHDVLQJSXOVHQXPEHUV WREH LQ WKH UDQJHRIPZKLOHPDUJLQDOO\ ODUJHUKROHVH[LWV
ZHUHREWDLQHGZLWKWKHSXOVHVRIKLJKHUUHSHWLWLRQIUHTXHQF\,QWKHORZIOXHQFHUHJLPHE\FRQWUDVWWKHODUJHVWKROH
H[LWGLDPHWHUVZHUHPHDVXUHGRIPIRUSXOVHVRI0+]WKDWLVFRQVLGHUDEO\ODUJHUWKDQPDVDFKLHYHGZLWK
SXOVHUHSHWLWLRQIUHTXHQFLHVRIN+]RUUDWKHUN+]7KHREVHUYHGLQIOXHQFHRIWKHSXOVHUHSHWLWLRQIUHTXHQF\
RQERWKKROHHQWUDQFHDQGH[LWGLDPHWHUFDQEHDWWULEXWHGWRWKHIDFWWKDWKHDWDFFXPXODWLYHHIIHFWVHQKDQFHPDWHULDO
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DEODWLRQ7KLVLVLQSDUWLFXODUZKHQSXOVHVRIPHJDKHUW]SXOVHUHSHWLWLRQIUHTXHQF\ZHUHDSSOLHGWKXVH[SDQGLQJWKH
GULOOHGKROHVDVPHDVXUHGLQWKLVVWXG\IRUORZIOXHQFHSXOVHV,QWKHKLJKIOXHQFHUHJLPHKRZHYHUWKHUHPLJKWEH
KLJKWKHUPDOORDGLQJRIWKHSURFHVVHGVXEVWUDWHVXUIDFHDOUHDG\ZLWKKXQGUHGNLORKHUW]EHFDXVHDKLJKIUDFWLRQRIWKH
LPSLQJLQJ RSWLFDO HQHUJ\ ZLOO EH GHSRVLWHG DV KHDW 7KLV DVVXPSWLRQ LV EDVHG RQ HDUOLHU ZRUN RQ VWDLQOHVV VWHHO
VKRZLQJ ERWK PRVWHIILFLHQW DEODWLRQ WDNHV SODFH DW UHDVRQDEO\ ORZ SXOVH HQHUJLHV DQG WKHUPDOO\GULYHQ HIIHFWV
EHFRPHVGRPLQDQWZLWKKLJKIOXHQFHSXOVHVHYHQZKHQIHPWRVHFRQG ODVHUSXOVHVZLOOEHDSSOLHGDVGHVFULEHGE\
6FKLOOHHWDO


)LJ(QWUDQFHWULDQJOHDQGH[LWKROHGLDPHWHUFLUFOHDVDIXQFWLRQRIWKHQXPEHURISXOVHVIRUGLIIHUHQWSXOVHUHSHWLWLRQIUHTXHQFLHVDQGD
PDWHULDOWKLFNQHVVRIPPD+LJKIOXHQFHUHJLPHE/RZIOXHQFHUHJLPH
$VDQRWKHUHIIHFWLWZDVREVHUYHGLQWKLVVWXG\WKDWWKHWHPSRUDOGLVWDQFHEHWZHHQFRQVHFXWLYHO\LUUDGLDWHGSXOVHV
KDVDVLJQLILFDQWLPSDFWRQWKHGULOOLQJTXDOLW\7KLVLVLQGLFDWHGLQ)LJXUHE\6(0PLFURJUDSKVRIERWKHQWUDQFH
DQG H[LW RIKROHVGULOOHG WKURXJKPP WKLFN VWDLQOHVV VWHHO VKHHWVE\ LUUDGLDWLQJSXOVHVRI -FPð ORZ
IOXHQFHDQGYDULHGSXOVHUHSHWLWLRQIUHTXHQF\GLUHFWO\DIWHUPDFKLQLQJZLWKRXWDQ\SRVWWUHDWPHQW


)LJ6(0LPDJHVRIWKHKROHHQWUDQFHVDQGH[LWVIRUGLIIHUHQWSXOVHUHSHWLWLRQIUHTXHQFLHV+PD[ -FPðW PP1 
)RUWKHKROHGULOOHGZLWK0+]WKHUHLVVLJQLILFDQWDPRXQWRIUHVROLGLILHGPROWHQPDWHULDODWWKHKROHHQWUDQFH
DQGSDUWLFOHVGHEULVGHSRVLWHGDWWKHKROHH[LW7KLVREVHUYHGPDWHULDOPHOWLQJEXWDOVRDQQHDOLQJFRORXUVHQFLUFOHG
WKHKROHHQWUDQFHDVDQRWKHULQGLFDWLRQIRUKLJKWKHUPDOORDGFOHDUO\VXSSRUWWKHDIRUHPHQWLRQHGVWDWHPHQWWKDWKHDW
DFFXPXODWLRQLQIOXHQFHVWKHGULOOLQJSURFHVVZKHQXVLQJPHJDKHUW]ORZIOXHQFHSXOVHV
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)XUWKHU LW LV VKRZQ LQ )LJ  WKDW WKH TXDOLW\ RI WKH GULOOHG KROHV HQKDQFHG ZKHQ SXOVHV RI ORZHU UHSHWLWLRQ
IUHTXHQF\ZHUHDSSOLHG$VH[HPSODULO\SUHVHQWHGIRUN+]DQGN+]RQO\DORZDOWLWXGHUHFDVWOD\HUIRUPHG
HQFLUFOHGWKHKROHHQWUDQFHWKDWLVWKHUHVXOWRIPHOWH[SXOVLRQIURPWKHGULOOLQJKROHIRUFHGE\WKHUHFRLOSUHVVXUHRI
HYDSRUDWLQJPDWHULDO7KHUHVSHFWLYHH[LWKROHVVKRZHGDPLQLPDOGHYLDWLRQIURPH[DFWURXQGQHVVWKDWPLJKWEHGXH
WRWKHIDFWWKDWKROHIRUPDWLRQLVDIIHFWHGE\PDWHULDOLQKRPRJHQHLWLHVDVZHOODVPHOWSRROG\QDPLFVDQGODVHUEHDP
FKDQQHOOLQJ HIIHFWV GXULQJ KROH GULOOLQJ +RZHYHU IRU SHUFXVVLRQ GULOOLQJ LW LV ZLGHO\ UHFRJQL]HG WKDW PDWHULDO
UHPRYDOE\PHOWH[SXOVLRQUHVXOWVLQLUUHJXODUDQGDV\PPHWULFKROHVKDSHV
)LJSUHVHQWV6(0PLFURJUDSKVRIPLFURKROHVGULOOHG LQPPWKLFNVWDLQOHVVVWHHO VKHHWV LQFURVVVHFWLRQ
YLHZWRJLYHDPRUHGHWDLOHGLQVLJKWRQVLGHZDOOIRUPDWLRQWDSHUDQJOHDQGGULOOLQJTXDOLW\DFKLHYHGZLWKLQFUHDVLQJ
SXOVHQXPEHU7KHKROHVVKRZQIRUWKHKLJKIOXHQFHUHJLPHLQ)LJDSXOVHVRI-FPðLUUDGLDWHGZLWKN+]
GHSLFWPRUH RU OHVV URXJK DQG LUUHJXODUO\ IRUPHGKROH JHRPHWULHV DQGEXUU IRUPDWLRQ WKDWPLJKW EH WKH UHVXOW RI
SK\VLFDOH[SXOVLRQRIPHOWDVGRPLQDQWUHPRYDOPHFKDQLVP([SODQDWLRQWKHUHIRUHLVGHVFULEHGE\0LFKDORZVNLHW
DOUHSRUWLQJIRUGHHSKROHVWKDWYDSRXUSUHVVXUHLVWRRORZDQGPHOWZLOOEHHMHFWHGRXWRIWKHGULOOLQJKROH
RQO\DVGURSOHWV7KHDPRXQWVRIGURSOHWVZKLFKFDQQRWOHDYHWKHVXEVWUDWHVXUIDFHIRUPDZDOORIUHFDVWPDWHULDODW
WKH KROH SHULSKHU\ DV DOUHDG\ UHSRUWHG E\ 6HPDN HW DO  ,Q )LJ D WKH EXUU KHLJKW JURZV VWHDGLO\ ZLWK
LQFUHDVLQJ SXOVH QXPEHU WKDW LV GXH WR IXUWKHU DFFXPXODWLRQ RI HMHFWHGPDWHULDO 2QFH WKHPHWDO VKHHW LV GULOOHG
WKURXJKZLWK RQJRLQJ LUUDGLDWLRQ WKH KROH H[LW GLDPHWHU LQFUHDVHGZLWK SXOVH QXPEHU DV WKH UHVXOW RI FRQWLQXLQJ
PDWHULDOUHPRYDORQWKHKROHVLGHZDOOVWKXVWKHWDSHURIWKHGULOOHGKROHGHFUHDVHGIURPWR$VDQRWKHUHIIHFW
RI IXUWKHU SURFHVVLQJ VPRRWKHQLQJ RI WKH KROH ZDOOV WRRN SODFH WKDW PLJKW EH LQGXFHG E\ K\GURG\QDPLF PHOW
H[SXOVLRQ HIIHFWV FDXVLQJ WKH IORZ RI PROWHQ PDWHULDO DORQJ WKH KROH ZDOOV $ GLVWLQFW DPRXQW RI PROWHQ DQG
UHVROLGLILHGPDWHULDO FDQ EH VHHQZLWKLQ WKH GULOOHG KROHZKHQ ORRNLQJ WR WKHPDJQLILHG YLHZRQ WKH KROH H[LW LQ
)LJD


)LJ&URVV VHFWLRQYLHZDQG6(0 LPDJHVRI WKHKROH HQWUDQFHV DQGH[LWVRIGULOOLQJSDUDPHWHU VHWWLQJVZLWKGLIIHUHQW IOXHQFHV DQGSXOVH
UHSHWLWLRQIUHTXHQFLHVD+PD[ -FPðI N+]1 IOWUE+PD[ -FPðI N+]1 
IOWU
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)LJELOOXVWUDWHVKROHIRUPDWLRQDVIXQFWLRQRISXOVHQXPEHUWKDWZDVDFKLHYHGLQSHUFXVVLRQGULOOLQJZLWKSXOVHV
RI-FPðDQGN+],QWKLVORZIOXHQFHUHJLPHWKHGULOOHGKROHVIRUPHGPXFKPRUHUHJXODUZLWKDOPRVWEXUU
IUHH DQG VKDUS ERXQGDULHV DQG VPRRWK KROH VLGHZDOOV 7KLV LQGLFDWHV PDWHULDO HYDSRUDWLRQ DV GRPLQDQW UHPRYDO
PHFKDQLVPWKDWLVDORQJZLWKLQVLJQLILFDQWDPRXQWVRIPHOWLQJ7KHKROHJHRPHWU\DFKLHYHGVKRZVDFKDUDFWHULVWLF
WDSHURI DERXWZLWKDQDUURZGULOOLQJFKDQQHO DW WKHHQGRI WKHGULOOHGKROH7KLVREVHUYHGFKDQQHOOLQJHIIHFW
PLJKW EH DPSOLILHG E\ PXOWL ODVHU EHDP UHIOHFWLRQV DORQJ WKH KROH ZDOO WKXV OHDGLQJ WR LQWHQVLW\ YDULDWLRQV DQG
IRFXVLQJRIWKHODVHUEHDPLQVLGHWKHKROH7KHUHIRUH)LJEVKRZVDYHU\VPDOOH[LWGLDPHWHULQWKHUDQJHEHWZHHQ
PDQGPWKDWLVFRQVLGHUDEO\VPDOOHUWKDQWKHIRFXVVSRWGLDPHWHURIP,QDGGLWLRQLWLVVKRZQLQ)LJ
EIRUORZIOXHQFHSXOVHVWKHKROHH[LWGLDPHWHUH[SDQGHGRQO\PDUJLQDOO\ZLWKLQFUHDVLQJSXOVHQXPEHUWKDWLVLQ
FRQWUDVWWRWKHKLJKIOXHQFHUHJLPH
3.4. Determination of optimal drilling parameters 
)URP WKH UHVXOWV REWDLQHG LW FRXOG EH VKRZQ WKDW WKH RSWLPDO SURFHVVLQJ SDUDPHWHUV GHSHQGV PDLQO\ RQ WKH
PDWHULDOWKLFNQHVV)RUWKLQPHWDOIRLOVXSWRPPWKHEHVWUHVXOWVZHUHDFKLHYHGZLWKWKHORZIOXHQFHSXOVHVDQG
DSXOVHUHSHWLWLRQIUHTXHQF\RIN+]:KHQLQFUHDVLQJWKHUHSHWLWLRQIUHTXHQF\WR0+]LQGHHGWKHGULOOLQJWLPH
UHGXFHVEXWDVDGLVDGYDQWDJHPDWHULDOPHOWLQJLQGXFHGE\KHDWDFFXPXODWLRQUHGXFHVWKHGULOOLQJTXDOLW\:LWKKLJK
IOXHQFH SXOVHV LW ZDV SRVVLEOH WR GULOO WKURXJK PDWHULDO WKLFNQHVVHV XS WR  PP %XW E\ XVLQJ WKLV UHJLPH DQ
LUUHJXODUO\VKDSHRIWKHGULOOLQJKROHVDQGEXUUIRUPDWLRQDURXQGWKHKROHHQWUDQFHKDVEHHQLGHQWLILHG
&RQFOXVLRQV
,Q VXPPDU\ LW FRXOG EH VKRZQ WKDW WKH DSSOLFDWLRQ RI XOWUDVKRUW SXOVH ODVHU WHFKQRORJ\ LQ FRPELQDWLRQ ZLWK
FLUFXODUSRODUL]HGODVHUEHDPUDGLDWLRQLVZHOOVXLWDEOHIRUSURFHVVLQJRI$,6,VWDLQOHVVVWHHOZLWKWKHSHUFXVVLRQ
GULOOLQJPRGH,WZDVSRVVLEOHWRGULOOWKURXJKDPDWHULDOWKLFNQHVVXSWRPPZLWKWKHKLJKIOXHQFHUHJLPHDQGXS
WR  PP ZLWK WKH ORZ IOXHQFH UHJLPH 'HSHQGHQW RQ WKH FKRVHQ SDUDPHWHUV DQG SXOVH QXPEHUV LPSRUWDQW
SURSHUWLHV RI WKH GULOOHG KROHV OLNH WKH HQWUDQFH GLDPHWHU WKH H[LW GLDPHWHU DQG WKHUHIRUH WKH WDSHU DQJOH FDQ EH
VSHFLILFLQIOXHQFHG%\XVLQJWKHORZIOXHQFHUHJLPHZLWKDIOXHQFH-FPðDQGDSXOVHUHSHWLWLRQIUHTXHQF\RI
N+] WKHUHZHUHDFKLHYHG WKHEHVW UHVXOWV UHIHUULQJ WR WKHKROHTXDOLW\7KHUHFRXOGEH IRXQGDPDUJLQDOKHDW
DIIHFWHG ]RQH ZLWK ORZ PHOWHG PDWHULDO DURXQG WKH GULOOHG KROH LQ FRPELQDWLRQ ZLWK D KLJK URXQGQHVV DQG ORZ
URXJKQHVVRI WKHHGJH7KDWDSSOLHVSDUWLFXODUO\ IRU WKLQPHWDO VKHHWV)RUPDWHULDO WKLFNQHVVHVXS WRPP WKHUH
FRXOGQWEHJHQHUDWHGKLJKTXDOLW\KROHVWUXFWXUHVE\XVLQJWKHDYDLODEOHODVHUWHFKQRORJ\
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